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A compelling case has been made that insulin resistance promotes hypertension in metabolic syndrome. Insulin increases renal Na ϩ reabsorption in humans (14) , dogs (42) , and rats (8) , and weight loss improves insulin sensitivity and reduces blood pressure (BP) in humans (60a). A major unanswered question is the role of the epithelial Na ϩ channel (ENaC) in promoting Na ϩ -sensitive hypertension in metabolic syndrome. In humans, increased ENaC activity is sufficient to cause hypertension (55) . ENaC is expressed in principal cells along the aldosterone-sensitive distal nephron, and aldosterone is elevated in patients with metabolic syndrome (22, 58) . Acute insulin infusion increases ENaC expression and activity in mice (11, 57, 60) , and rats with genetic forms of insulin resistance have higher renal expression of ENaC channel subunits (8, 57) . Additionally, mice lacking the insulin receptor in principal cells of the distal nephron have decreased ENaC subunit expression and activity (12, 49) . However, ENaC activity has not been measured in diet-induced models of insulin resistance that faithfully recapitulate metabolic syndrome.
A diet-induced mouse model of metabolic syndrome provides a valuable tool to investigate the mechanisms underlying renal Na ϩ handling and hypertension (26) and can be applied in transgenic mice to test the role of candidate genes in this common form of hypertension. In the present study, we asked whether increased ENaC activity mediates the hypertension observed with diet-induced obesity and insulin resistance. We first characterized changes in body weight, plasma insulin, plasma lipid profile, and urinary Na ϩ (U Na ) excretion in C57BL/6 mice fed high-fat and high-fructose diets previously associated with obesity and insulin resistance (33, 47) . We then studied BP and the contribution of ENaC-mediated Na ϩ transport to BP by measuring 1) net transepithelial Na ϩ flux (J Na ) in ENaC-expressing cortical collecting ducts ex vivo, 2) urinary aldosterone excretion; 3) Na ϩ excretion in response to the ENaC antagonist benzamil, 4) the BP response to benzamil, and 5) the BP response to the aldosterone analog fludrocortisone. Our data suggest that 60% high fat feeding of C57BL/6 mice induces obesity and insulin resistance and stimulates a Na ϩ -sensitive rise in BP due to impaired natriuresis and that this response is independent of aldosterone or ENaC activation.
METHODS
Comparison of diet-induced mouse models of obesity and insulin resistance. We maintained 6-wk-old C57BL/6 male mice (Jackson Laboratories, Bar Harbor, ME) for 12 wk on a 10% kcal/fat diet [low-fat diet (LFD) We obtained plasma from the retroorbital plexus in both fasting and nonfasting states and stored it at Ϫ80°C. We measured insulin levels by ELISA (EMD Millipore, Billerica, MA). We measured glucose and lipid concentrations on a Siemens Dimension Xpand chemistry analyzer (Siemens Medical Solutions, Malvern, PA). Homeostatic model assessment of insulin resistance (HOMA-IR) was calculated as fasting serum glucose (in mmol) ϫ fasting serum insulin (in IU/ml) Ϭ 22.5.
Effect of high fat feeding on Na ϩ excretion and ENaC activity. We randomized 6-to 7-wk-old male mice to a LFD or 60% HFD for 12 wk (N ϭ 8 mice/group). We acclimated mice to gel food (1% agarose solution with 0.52 ml water/kcal) and individual metabolic cages (Tecniplast) for 6 days on their respective diets containing 0.1% Na ϩ (11 mol Na ϩ /kcal, normal Na ϩ diet). After measuring ENaC activity (see below), we measured food and water intake and collected urine for 24 h. We then transitioned mice to diets with an added 40 g NaCl/4,057 kcal (180 mol Na ϩ /kcal in both groups, high-Na ϩ diet) and collected urine at defined intervals. Dosing Na ϩ by calorie resulted in a higher Na ϩ content in HFDs by mass but similar Na ϩ intake between LFD-and HFD-fed mice. To minimize evaporation, we collected urine under mineral oil. To minimize contamination, we washed cages daily with deionized water. We measured urine Na ϩ and K ϩ by flame photometry (BWB-XP, BWB Technologies) and averaged urine Na ϩ excretion within each group. We measured ENaC activity in these mice by measuring UNa and urinary K ϩ (UK) excretion after administration of the ENaC antagonist benzamil on both a normal or high-sodium diet. Mice received intraperitoneal vehicle and the following day received 1.4 mg/kg body wt ip benzamil hydrochloride (Sigma-Aldrich, St. Louis, MO) in 5 ml/kg body wt saline. We collected urine for 4 h and compared UNa and UK excretion as well as the UNa-to-UK ratio after benzamil to assess ENaC activity (60) . We established the efficacy of this intraperitoneal dose by measuring a natriuretic response in low fat-fed mice on a 0.01% Na ϩ diet (UNa/UK: vehicle 0.6 Ϯ 0.1 and benzamil 6.9 Ϯ 0.4, N ϭ 4, P Ͻ 0.05).
To determine if high fat feeding increases aldosterone or metanephrine secretion, we compared 24-h urine hormone excretion by ELISA on a normal Na ϩ diet and again after 72 h on a high-Na ϩ diet (Queen Margaret University, Edinburgh; Metanephrines, Eagle Biosciences, Nashua, NH).
Effect of high fat feeding on Na ϩ sensitivity and BP. To compare the dependence of BP on Na ϩ intake and ENaC in LFD-and HFD-fed mice, we randomized another cohort (N ϭ 7 mice/group) of 6-to 7-wk-old mice to the LFD or 60% HFD for 12 wk before carotid artery catheter implantation (TA11-PAC10, Data Sciences, New Brighton, MN). To maintain the difference in body weight for the duration of this experiment, we increased the palatability of these diets using gel food. Mice were allowed 1 wk to recover from surgery, and we then sampled BP waveforms at 500 Hz in 60-s bursts every 10 min and recorded systolic and diastolic BP, heart rate, and locomotor activity (week 13 of low vs. high fat feeding). Locomotor activity was measured by recording radiotelemeter movement during sampling. Mice were then transitioned to the same high-Na ϩ diet used in experiments measuring natriuresis. After 2 wk on the high-Na ϩ diet, we continued BP sampling for another week (week 15 of low vs. high fat feeding). We then added 1.4 mg benzamil·kg body wt Ϫ1 ·day Ϫ1 to the gel food. We established the efficacy of this oral dose by measuring a natriuretic response in low fat-fed mice on a 0.01% Na ϩ diet (UNa/UK: vehicle 0.06 Ϯ 0.02 and benzamil 2.18 Ϯ 0.68, N ϭ 4, P Ͻ 0.05). The delivered dose was slightly higher in 60% HFD mice (LFD: 1.61 Ϯ 0.03 mg·kg Ϫ1 ·day Ϫ1 and 60% HFD: 1.75 Ϯ 0.02 mg·kg Ϫ1 ·day Ϫ1 , P Ͻ 0.05). BP sampling was continued for 1 wk while mice received benzamil daily (week 16 of low vs. high fat feeding). To assess the dependence of BP on mineralocorticoid activity, we administered 3.6 mg/kg fludrocortisone in gel food (46) (actual dose: LFD 3.79 Ϯ 0.1 mg/kg and 60% HFD 3.55 Ϯ 0.1 mg/kg). To assess the effect of locomotor activity on BP, we defined activity at a score Ͼ 5 and rest Ͻ 5. Frequency of activity was similar to previous reports (62, 63) in singly housed C57BL/6 mice. Mean arterial pressure (MAP) was calculated from systolic and diastolic BP measurements. Daily MAP is reported, and the overall effect of each condition (high-Na ϩ diet, benzamil, and fludrocortisone) was defined as the daily average MAP for the duration of the sample period.
Effect of high fat feeding on J Na across ENaC-expressing isolated cortical collecting ducts. To more directly measure ENaC-mediated reabsorption, we randomized C57BL/6 mice (Charles River) to a LFD or 60% HFD normal-Na ϩ diet at 25-30 days of age for 5-6 wk. Longer high fat feeding was not possible due to technical constraints of isolation and microdissection of single tubules in older animals. We confirmed that these HFD-fed mice had significantly higher body weight and plasma insulin (data not shown). We then removed the left kidney, prepared coronal slices, and dissected single cortical collecting ducts in cold (4°C) MHSS. We preperfused kidneys to facilitate duct isolation as previously described (67) .
We immediately transferred each isolated tubule (mean length: 0.50 Ϯ 0.02 mm, n ϭ 12 tubules) to a temperature-and O 2/CO2-controlled specimen chamber, mounted it on concentric glass pipettes, and perfused and bathed it at 37°C with Burg's perfusate. We performed transport measurements in the absence of transepithelial osmotic gradients and thus assumed water transport to be zero. We collected three samples of tubular fluid under watersaturated light mineral oil by timed filling of a calibrated ϳ12-nl volumetric constriction pipette at low (ϳ1.3 nl·min Ϫ1 ·mm Ϫ1 ) and high (ϳ5 nl·min Ϫ1 ·mm Ϫ1 ) flow rates, as indicated. To determine the concentrations of Na ϩ delivered to the tubular lumen, we added ouabain (1 mM) to the bath at the conclusion of each experiment to inhibit all active transport and obtained an additional three samples. We determined Na ϩ concentrations of perfusate and collected tubular fluid by helium glow photometry and calculated the rates of net transport (J Na; in pmol·min Ϫ1 ·mm Ϫ1 tubular length) using standard flux equations (19) . We averaged calculated ion fluxes to obtain a single mean rate of ion transport for the cortical collecting duct at each flow rate under each condition.
Statistical analysis. For analysis of multiple groups to a control group (i.e., low fat-fed mice), we used one-way ANOVA. For post hoc analysis, we used Dunnett's test to compare each group with the control group (54) . For experiments with only two groups, we used a two-tailed paired or unpaired Student's t-tests. We provided results as means Ϯ SE; n is the number of tubules and N is number of mice. We defined statistical significance at P values of Ͻ0.05. For BP experiments, hemodynamic values were averaged for each mouse on each day, and we used each daily average value per mouse to test for significance.
RESULTS
High fat feeding induces obesity and insulin resistance. As shown in Fig. 1 , after 10 wk on their respective diets, 60% HFD-fed mice but not 45% HFD-fed mice had significantly higher body weights and fasting plasma insulin levels than LFD-fed mice. HOMA-IR, an index of insulin resistance (45) , was also higher in 45% HFD-fed mice and significantly higher in 60% HFD-fed mice at 10 wk. Fructose did not contribute to obesity, fasting plasma glucose, or insulin resistance (Fig. 2) . As shown in Fig. 3 , lipid profiles at 10 wk on specialized diets were no different in 45% HFD-fed mice compared with LFDfed mice, but total cholesterol and low-density lipoproteins were significantly higher in 60% HFD-fed mice. Given a more severe metabolic phenotype, we measured Na ϩ reabsorption, BP, and ENaC activity in 60% HFD-fed mice as a model of obesity and insulin resistance.
High fat feeding impairs Na ϩ excretion. Impaired natriuresis is a defining feature of Na ϩ -sensitive hypertension (25) and has been measured in animals, including humans, in models of obesity and during acute and chronic insulin infusion (14, 21, 42) . To assess Na ϩ reabsorption in the setting of obesity and insulin resistance, we measured Na ϩ excretion after an acute increase in Na ϩ intake in LFD-and HFD-fed mice. As shown in Fig. 4A , after 4 h, HFD-fed mice excreted significantly less Na ϩ than LFD-fed control mice, and mice came into balance by 24 h. As shown in Fig. 4B , Na ϩ excretion was also similar on days 2 and 3 of the high-Na ϩ diet. As shown in Fig. 4C , Na ϩ intake on both a normal or high-Na ϩ diet was similar between groups for the duration of the experiment.
High fat feeding induces Na ϩ -sensitive elevated BP. To determine the effect of high fat feeding on the Na ϩ sensitivity of BP, we measured BP while controlling Na ϩ intake. As shown in Fig. 5B , Na ϩ intake on both normal or high-Na ϩ diets was very similar between groups. Figure 5A shows that on a normal Na ϩ diet, MAP over 7 days was higher in HFD-fed mice (LFD: 111.8 Ϯ 0.5 mmHg vs. HFD: 114.8 Ϯ 0.4 mmHg, P Ͻ 0.05). On a high-Na ϩ diet, MAP increased further: 2.4 Ϯ 0.3 and 4.5 Ϯ 1.2 mmHg in LFD-and HFD-fed mice, respectively, resulting in a ϩ5.1 mmHg higher MAP in HFD-fed mice (P Ͻ 0.05). Figure 5B shows that HFD-fed mice had a significant rightward shift and decrease in the slope of the pressure-natriuresis curve compared with LFD-fed mice. Changes in systolic and diastolic BP followed similar patterns to MAP in LFD-and HFD-fed mice on a normal and high-Na ϩ diet (Table 1) .
HFD-induced elevated BP is independent of circadian rhythm or activity. Figure 5C shows the Na ϩ -sensitive increase in MAP regardless of dark/light period or activity. The higher MAP in HFD-fed mice was not due to differences in activity, as neither dietary fat nor Na ϩ content affected locomotor frequency or magnitude (mean activity magnitude: LFD 0.64 Ϯ 0.02 and HFD 0.66 Ϯ 0.03; activity frequency: LFD 38 Ϯ 2% of a day and HFD 39 Ϯ 2% of a day).
HFD-fed mice have impaired natriuresis and elevated BP independent of ENaC activity. To measure the contribution of ENaC-mediated Na ϩ transport to the impaired Na ϩ excretion and elevated Na ϩ -sensitive BP in HFD-fed mice, we measured 1) J Na across ENaC-expressing cortical collecting ducts, 2) stimuli for ENaC activity, and 3) Na ϩ excretion and BP in the setting of ENaC inhibition. Figure 6A shows that when ENaC-expressing cortical collecting ducts were perfused at a low flow rate, there was no significant difference in net transepithelial J Na between tubules from LFD-and HFD-fed mice on a normal Na ϩ diet. To activate quiescent ENaC channels, we perfused tubules at high flow rates (53), and J Na was similarly enhanced in tubules from LFD-and HFD-fed mice. As aldosterone levels directly correlate with Quételet's index (body mass index) in humans with metabolic syndrome (6, 35) and is a primary regulator of ENaC activity (17), we measured aldosterone excretion as a surrogate for production cumulative Na ϩ excretion for the first 24 h on a high-Na ϩ diet (HSD). B: daily urine Na ϩ excretion. C: Na ϩ intake on a normal Na ϩ diet (NSD) and the first 3 days on a HSD. N ϭ 8 mice/group. *P Ͻ 0.05 compared with LFD-fed mice. (50). Figure 6B shows that there was no difference between LFD-and HFD-fed mice on either a normal or high-Na ϩ diet. We also measured ENaC activity by measuring electrolyte excretion induced by channel inhibition with benzamil on both a normal or high-Na ϩ diet. As shown in Fig. 6 , C and D, neither Na ϩ nor K ϩ excretion was significantly different between LFD-and HFD-fed groups after vehicle or benzamil administration. As shown in Fig. 6E , U Na -to-U K concentration ratio after benzamil, a surrogate of ENaC inhibition, increased compared with vehicle but was not significantly different between LFD-and HFD-fed mice on a normal or high-Na ϩ diet.
To directly evaluate the contribution of ENaC-mediated Na ϩ reabsorption or ENaC activity to BP in HFD-fed mice, we compared the effect of chronic ENaC inhibition with benzamil or ENaC stimulation with the aldosterone analog fludrocortisone. Figure 7 shows that HFD-fed mice exhibited higher MAP than LFD-fed mice in the presence or absence of benzamil. Benzamil did not significantly lower MAP in either group (ϩ1.2 mmHg in LFD-fed mice, P ϭ 0.21; ϩ0.7 mmHg in HFD-fed mice, P ϭ 0.44). After washout of benzamil, mice were given fludrocortisone for 1 day. As shown in Fig. 7B , fludrocortisone increased MAP similarly in both groups on a high-Na ϩ diet but did not significantly increase MAP more in HFD-versus LFD-fed mice.
DISCUSSION
We compared three potential diet-induced forms of metabolic syndrome and found that 60% high fat feeding best recapitulates the cardinal features of metabolic syndrome: obesity, insulin resistance, impaired renal Na ϩ homeostasis, and Na ϩ -sensitive elevated BP. We then used this model to demonstrate that a Na ϩ -sensitive rise in BP is independent of ENaC-mediated Na ϩ reabsorption. Impaired natriuresis with high fat feeding. A primary increase in Na ϩ reabsorption is necessary for the Na ϩ -sensitive hypertension observed in rodents and humans with obesity and insulin resistance (14, 18, 21, 42, 61) . One possible mechanism for the impaired natriuresis is enhancement of insulin-induced Na ϩ reabsorption. While humans with chronic insulin resistance demonstrate impaired natriuresis during acute insulin infusion (56) , it is unknown whether this is due to a direct effect of insulin, an indirect effect of insulin-mediated vasodilation causing decreased renal perfusion, or an alternative mechanism. Here, we increased only Na ϩ intake and demonstrate impaired natriuresis in chronically hyperinsulinemic mice. While these data do not prove that hyperinsulinemia is responsible for impaired natriuresis in high fat-fed mice, they do provide a model to test the mechanisms of renal Na ϩ handling and elevated BP in the setting of insulin resistance.
The magnitude of Na ϩ -sensitive BP with high fat feeding. The reported changes in BP with diet-induced obesity in C57BL/6 mice range from Ϫ13 to ϩ37 mmHg (5, 7, 15, 16, 32, 36, 47, 52, 59, 65) . These studies used different methodologies that could explain this variability. Tail-cuff measurement is unlikely to detect modest differences in BP between groups. Standard mouse chow is frequently used as a control diet, and higher phytoestrogen (contained in soybean or alfalfa meal) and fiber content in chow may lower BP and alter insulin sensitivity (4, 64) . HFDs are more calorie dense, so they must contain a higher Na ϩ content (by weight) to provide a similar Na ϩ intake to LFD-fed mice. Experiments that compare diets with the same percentage of Na ϩ content result in lower Na ϩ intake in HFD-fed mice. Furthermore, high-Na ϩ diets can be unpalatable to mice, resulting in weight loss and loss of the phenotype in HFD-fed mice. Here, we used purified LFDs and HFDs formulated as a gel, with Na ϩ content normalized to calorie content, resulting in comparable Na ϩ and calorie intake, and radiotelemetry to detect a modest Na ϩ -sensitive increase in BP in HFD-fed mice. For paired experiments, BP was sampled on a high-Na ϩ diet 2 wk later than on a normal Na ϩ diet. Thus, we cannot excluded an effect of additional time on purified diet, but HFD-fed mice only gained an additional 1.6 g (3.5% of mean body weight) during this interval.
These small changes in BP in high fat-fed mice may translate to a clinically significant difference in humans. For example, patients with hypertension due to Liddle's syndrome, i.e., gain-of-function mutations in ENaC subunits, have an average MAP increase of 43 mmHg (44) . Transgenic mice carrying similar mutations have an increase in MAP of only ϳ10 mmHg on a high-Na ϩ diet (51), similar to the degree of elevated BP we observed. Similarly, some patients with Gordon's syndrome, another form of Na ϩ -sensitive hypertension, have a systolic BP of Ͼ200 mmHg (3), but transgenic mice with mutant, inactive with no lysine kinase (WNK)4, recapitulating this condition, have a systolic BP of Ͻ10 mmHg higher than wild-type mice and only 13 mmHg higher than mice that overexpress wild-type WNK4 (38) . Metabolic syndrome, aldosterone, and ENaC activity. We examined the role of aldosterone, aldosterone sensitivity, and activation of the aldosterone-dependent ENaC pathway in the impaired natriuresis and Na ϩ -sensitive elevated BP of HFDfed mice. Unlike in humans with metabolic syndrome (22, 58) , we found that aldosterone excretion, as an index of production, was no different between LFD-and HFD-fed mice on a normal or high-Na ϩ diet. The similar increase in MAP with mineralocorticoid agonist administration demonstrates that aldosterone sensitivity is unchanged with high fat feeding. We speculate that an altered lipid profile in HFD-fed mice may be responsible for the normal aldosterone level. In humans, low highdensity lipoprotein is specifically correlated with high aldosterone (24, 41), yet we and others have observed an increase in high-density lipoprotein in HFD-fed mice (29) .
We also directly studied ENaC activity both ex vivo and in vivo on a normal or high-Na ϩ diet and found no differences in Na ϩ transport, urine Na ϩ excretion, or BP. To our knowledge, these are the first measurements of ENaC channel activity or cortical collecting duct perfusion in obese or insulin-resistant rodents. These data were surprising because acute insulin infusion enhances ENaC activity, and rat models of inherited insulin resistance have increased ENaC subunit expression (8) . However, insulin concentrations are significantly lower in high fat-fed mice compared with prior reports of acute insulin infusion, and insulin was not present in the perfusate. The magnitude of hyperinsulinemia measured in our HFD-fed mice is similar to that in humans with metabolic syndrome (28) . This distinction was highlighted by Frindt and Palmer (21) , who showed that concentrations of insulin measured in humans and animals with insulin resistance did not influence ENaC activity in split-open rat cortical collecting ducts (12, 49) . Similarly, in cell culture, insulin stimulates ENaC-mediated Na ϩ current only at supraphysiological doses of insulin (9, 23) . Mice lacking the insulin receptor in ENaC-expressing principal cells (40) have diminished ENaC activity. Although these knockout studies would imply that hyperinsulinemia should enhance ENaC activity, our data demonstrate that, in the setting of diet-induced metabolic syndrome and chronic insulin resistance, enhanced ENaC activity in the distal nephron is not responsible for impaired natriuresis or Na ϩ -sensitive elevated BP in high fat-fed mice. We cannot exclude a role for acute, low doses of insulin to stimulate ENaC in vivo. We also cannot exclude a role for ENaC in the central nervous system (1) as benzamil may not cross the blood-brain barrier. Importantly, these results do not exclude a role for ENaC in models of metabolic syndrome with elevated aldosterone but indicate that high fat feeding is sufficient to increase Na ϩ reabsorption and BP independent of aldosterone or ENaC-mediated transport.
ENaC-independent mechanisms of impaired natriuresis in diet-induced obesity and insulin resistance. Whether other mouse models of metabolic syndrome develop hypertension independent of ENaC remains unknown. Among mouse models of metabolic syndrome, NZBWF1 and KKA y /a strains develop obesity, insulin resistance, and elevated BP, but the mechanisms are unknown. Leptin receptor-deficient db/db mice develop obesity and insulin resistance, but BP measurements are variable (43) . Of note, this latter model can develop diabetes with glucosuria (48) that can stimulate compensatory Na ϩ reabsorption, thereby confounding the assessment of impaired natriuresis as a stimulus for hypertension.
Several renal tubular transporters are potential mediators of the observed impaired natriuresis. Na ϩ -Cl Ϫ cotransporter (NCC) and STE20/SPS1-related proline/alanine-rich kinase expression are increased in obese Zucker rats compared with lean rats (36) . NCC activity is also increased by chronic insulin infusion in Sprague-Dawley rats (57). Huang et al. (31) demonstrated that deletion of serum/glucocorticoid-regulated kinase 1, a kinase that activates ENaC, prevented HFD-induced hypertension (31) , but this kinase can also modulate Na ϩ transporters proximal to the aldosterone-sensitive distal nephron (20, 39, 66) . Recently, Davies et al. showed that high fat feeding of mice increases Na ϩ -K ϩ -2Cl Ϫ1 cotransporter 2 phosphorylation and decreases AMP-activated kinase activity (13) . Using microperfusion, we examined Na ϩ transport in isolated cortical collecting ducts and found no difference between LFD-and HFD-fed mice, excluding ENaC the thiazidesensitive Na ϩ -dependent dicarboxylate cotransporter. Thus, high fat feeding likely increases Na ϩ transport in upstream segments of the nephron. These findings provide a basis for future experiments using genetic knockouts or pharmacotherapies to measure the contribution of upstream transporters in mediating the effect of HFD on the kidney tubule.
Hall and others (27, 30, 34) have also demonstrated that increased renal sympathetic nerve activity results in impaired natriuresis and increased BP in obese dogs. Insulin and catecholamines have also been shown to activate the sympathetic nervous system (37) . Urine catecholamine excretion, and hence production, was not different between LFD-and HFD-fed mice (data not shown). These data are consistent with data in humans and dogs that demonstrate organ-specific changes in sympathetic activity rather than overall sympathetic tone. The mechanisms by which a HFD may increase renal sympathetic nerve activity in mice will be an interesting area for future research.
After comparing several potential diet-induced models of metabolic syndrome, we found that 60% HFD-fed C57BL/6 mice develop obesity, insulin resistance, impaired natriuresis, and modest Na ϩ -sensitive elevated BP. We demonstrate that this impaired natriuresis is independent of ENaC activity, highlighting the importance of a mouse model with peripheral insulin resistance and physiological levels of chronic hyperinsulinemia. This model provides a valuable tool to investigate mechanisms of Na ϩ handling and hypertension, including insulin-dependent or insulin-independent signaling, in the setting of obesity and insulin resistance.
